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The use of beamforming is effective for users in limited power environments. However, when it is applied 
to the downlink of a cellular system with universal frequency reuse, users near the sector boundary may 
experience significant interference from more than one sector. The use of a minimum mean square error 
(MMSE)-type receiver may not sufficiently cancel out the interference when a small number of receive 
antennas is used. In this paper, we consider the use of inter-sector beamforming that cooperates with a 
neighboring sector in the same cell to mitigate this interference problem in time-division duplex (TDD) 
environments. The proposed scheme can avoid interference from an adjacent sector in the same cell, while 
enhancing the transmit array gain by using the TDD reciprocity. The performance of the proposed scheme is 
analyzed in terms of the output signal-to-interference-plus-noise power ratio (SINR) with combined use of an 





Demand for higher throughput has motivated advanced 
wireless systems such as 3GPP LTE and mobile WiMAX 
to employ multi-cell configuration with universal 
frequency reuse [1], [2]. It has been reported that the use of 
beamforming is effective in the downlink when users are 
power limited (i.e., at medium to low signal-to-noise 
power ratio (SNR)) [3], [4]. In a time-division duplex 
(TDD) wireless system, base station (BS) can estimate 
channel state information (CSI) of the uplink using 
reference signals such as the channel sounding signal [5] 
and can utilize it for the transmit beamforming by means of 
channel response reciprocity [5]. However, the use of 
beamforming with universal frequency reuse may cause 
users near the cell boundary to experience serious inter-cell 
interference [1], [2]. In particular, when the cell is operated 
being divided into a number of sectors, users near the 
sector boundary may experience weak received signal 
strength (RSS) from the serving sector due to sector 
antenna pattern as well as strong interference from adjacent 
sectors [2], [6]. Advanced wireless systems consider the 
use of multiple receive antennas in the mobile station (MS) 
[2], [7], enabling the use of a minimum mean square error 
(MMSE)-type receiver to suppress interference, while 
reducing the fading effect [8]. However, when the number 
of strong interferers is larger than the number of receive 
antennas minus one, the output signal-to interference-plus-
noise power ratio (SINR) of the MMSE receiver 
significantly deteriorates [9]. 
To improve the performance of users near the sector/cell 
boundary, the use of BS coordination has recently been 
considered, where the BSs share the CSI and information 
streams to minimize the interference effect [10]. However, 
this BS cooperation may incur so-called signaling 
overhead increasing in exponetially proportional to the 
number of coordinating BSs and suffer from performance 
degradation due to the signaling delay. On the other hand, 
the use of softer handover, macro diversity handover and 
fast sector selection (FSS) with muting can be used to 
enhance the performance of users near the sector boundary 
without the exchange of inter-cell information [7]. 
However, these schemes do not consider the use of TDD 
reciprocity  
In this paper, to improve the performance of users near 
the sector boundary, we propose an inter-sector 
beamforming scheme that cooperates with an adjacent 
sector in the same cell. The proposed scheme can avoid 
interference from the adjacent sector in the same cell, 
while enhancing the transmit array gain using the TDD 
reciprocity. Moreover, it does not require additional 
signaling overhead compared to conventional beam-
forming (or single-sector beamforming) scheme. It is 
assumed that the MS transmits the reference signal using a 
single transmit antenna, as being considered in the IEEE 
802.16e [2]. The average output SINR of the MMSE 
receiver with the use of inter-sector beamforming are 
analyzed in the presence of correlation between the 
transmit antennas by using an approximation. 
Following Introduction, Section 2 describes the system 
model in consideration. Section 3 presents the proposed 
inter-sector beamforming and analyzes its performance. 
The performance of the proposed scheme is verified by 
computer simulation in Section 4. Finally, conclusions are 
given in Section 5. 
 
2. System Model 
 
Consider the downlink of a cellular system that 
comprises N  hexagonal cells each of which comprises 
S  sectors (i.e., a total of S N⋅  sectors). For ease of 
description, it is assumed that each sector uses M  
transmit antennas and the MS uses two receive antennas. 
Assuming that the target user is under service from sector 
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where ix  denotes the data of sector i  with unit average 
power, iα  denotes the received signal strength (RSS) 
from sector i , iH  is the ( )2 M×  channel matrix from 
sector i , iw  denotes an ( )1M ×  beam weight from 
sector i , n  is the ( )2 1×  additive white Gaussian noise 
(AWGN) vector, and Ω  denotes an active set comprising 
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Here δ  denotes a threshold value for the active set, and 
z  denotes the ( )2 1×  interference plus noise vector 
except the interference from sectors belonging to Ω , 
which can be assumed to be zero-mean complex Gaussian 
with covariance { }* 2zE N=zz I , where 2I  denotes a 
( )2 2×  identity matrix. The beam weight iw  is 
determined by the eigenvector corresponding to the 
maximum eigenvalue of the channel covariance matrix. It 
is assumed that 2 1i ≤w , where ⋅  denotes the 
Frobenius norm. 
 
3. Proposed Inter-Sector Beamforming 
 
Consider the use of inter-sector beamforming with 
cooperation between sectors in the same cell to enhance 
the performance near the sector boundary. The inter-sector 
beamforming configuration can be extended from 
( )2M ×  to ( )2 2M ×  antenna configuration by 
concatenating two adjacent sectors.  
Assume that the BS transmits the target user signal 
through sector m  and m′ . Then, the received signal can 
be represented as 
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= + +∑y H w H w z  (3) 
where 
TT T
D m m′⎡ ⎤= ⎣ ⎦w w w  and DH  are respectively the 
( )2 1M ×  beamforming vector and ( )2 2M×  channel 
matrix from sector m  and m′  to the target user, given 
by 
 [ ]D m m D′=H H H Λ . (4) 
Here DΛ  denotes the normalized RSS matrix represented 
in an ( )2 2M M×  diagonal matrix whose first and last 
M  diagonal elements are all one and /m mα α′ , 
respectively, and the superscript T  denotes transpose. 
Note that the transmit power of Dw  is limited by  
 ( ) ( )2 2 2 2max tr max 1 / 2D D m mM α α′⎡ ⎤≤ = + =⎣ ⎦w Λ  (5) 
where [ ]tr ⋅  denotes the trace of a matrix. It can be seen 
that 2 2D =w  when the cooperating sectors have the 
same RSS (i.e., m mα α ′= ).  
The channel covariance matrix can be represented as 
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where {}E ⋅  denotes the expectation, the superscript * 
denotes transpose conjugate. It can be seen that the RSS of 
two cooperating sectors changes the channel covariance. 
Since R  is Hermitian and positive definite, it can be 
decomposed as [11] 
 2 *=R QΣ Q  (7) 
where [ ]1 2M=Q q q  is an ( )2 2M M×  unitary 
matrix whose columns { }kq  are the eigenvectors of R , 
and 2Σ  is a ( )2 2M M×  diagonal matrix whose 
diagonal terms are descending-ordered eigenvalues 
(i.e., 1 2Mλ λ≥ ≥ ) of R . The channel matrix can be 
represented as [12] 
 1/ 2D w=H H R  (8) 
where 1/ 2R  denotes the square root of R  and wH  is 
the ( )2 2M×  spatially white complex Gaussian channel 
matrix [13]. 
Letting kh  be the k -th row of channel matrix DH , 
the coherent beam weight Dw  can be determined by 
 2 2 *1 1 1 / /D m mα α′= +w h h . (9) 
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Here [ ]w kH  denotes the k -th row vector of wH , and it 
can be known that 
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Thus, the signal of the second receive antenna can be 
rewritten as 
 2 22 1 /D m m whα α ϕ′≈ +h w  (13) 
where wh  denotes a zero-mean Gaussian random variable 
with unit variance. The output SINR of an MMSE receiver 
can be represented by [8] 
 ( ) ( )*2 1m D D D Dγ α −= H w K H w  (14) 
where K  denotes the covariance matrix of the 
interference plus noise, defined as  
 ( )( )*2
, ,




= +∑K H w H w I . (15) 
The probability density function (pdf) of the output 
SINR γ  can be represented as [14] 
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and kσ  denotes the eigenvalue of 
1−KG . Here, G  
denotes the covariance of the target signal, given by 
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It can be seen from (16) that the pdf of the output SINR 
can be determined by the mean eigenvalue of 1−KG . 
Since iw  in (15) is an M -dimensional unit-norm vector 
and independent of iH , the effective channel from sector 
, ,i m m′∈Ω ≠  can be assumed as 
 ,i i w i=H w h  (19) 
where ,w ih  is a ( )2 1×  spatially white Gaussian channel 
vector defined by [13] 
 { }* , ,
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Thus, K  can be rewritten as 
 * 2I I I zN= +K C P C I . (21) 
In the presence of L  interferences from sectors 
{ }; , ,  1, ,kj m m k L′∈Ω ≠ = , IC  is a ( )2 L×  random 
matrix comprising L  interference vectors as columns, i.e., 
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and IP  is an ( )L L×  diagonal matrix whose k-th 
diagonal elements are 2
kj
α .Letting { }kE β  be the mean 
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 { } { }2 12E L Eβ β= − . (24) 
Letting { }kμ  be the eigenvalue of *I I IC P C  in (21) when 
the interferers have arbitrary power, it can be shown that 
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it can be approximated as  
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where [ ]det ⋅  denotes the determinant of a matrix. 
Similarly, it can be shown that 
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It can be approximated as 
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Thus, the average output SINR can be approximated as 
 



















































It can further be approximated using (25) and (27) as 
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where ( )2 2 /i i i zNα εΓ =  denotes the average SNR of 
sector i  and targetγ  ( )( )1 1tr / detzN− −⎡ ⎤ ⎡ ⎤= ⎣ ⎦ ⎣ ⎦G G  is the 
average SNR of the target signal. The first term in the 
denominator of (31) represents the degradation due to the 
interference. 
Assuming that users near the cell/sector boundary 
experience interference at most from two sources, the 
inter-sector beamforming can avoid interference from the 
adjacent sector, making users experience a single dominant 
interference (i.e., 
1
1jΓ ). The average output SINR of 
the MMSE receiver is given by 
 { }
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where { }1 2E β =  and { }2 0E β = . It can be shown that 
 


















Thus, the use of inter-sector beamforming can achieve 
large transmit array gain and power gain as well as 
interference cancellation compared to the use of a single 
sector beamforming. 
 
4. Performance Evaluation 
 
The analytic design and performance of the proposed 
beamforming scheme are verified by computer simulation. 
The proposed scheme is applied to a ( )2 2×  MIMO 
configuration in correlated MIMO fading channel with 
covariance matrix ( )ρΔ  given by 
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Δ  (34) 
where ρ  denotes the magnitude of the correlation 
coefficient between two adjacent transmitter antennas, and 
[ ] ,p q⋅  denotes the element of the p -th row and the q -th 
column. That is, [ ] [ ]{ } ( )* / 2m m m mE ρ′ ′ =H H H H Δ . 
It is also assumed that sector 0 allocates the resource to the 
target user at each frame. The performance is evaluated in 
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In the following figures, the legend ‘BF_MMSE’, 
‘BF_MRC’, ‘ISBF_MMSE’, ‘SHO_MMSE’, ‘MD_ 
MMSE’, ‘FSS_MMSE’ and ‘NullBF_MMSE’ denote the  
TABLE I. The SNR for active set near the sector boundary. 
G (dB) Ω  SNR (dB) 
-0.5 {0, 1} 1 0Γ = Γ =9.1 
-1 {0, 1} 1 0Γ = Γ =5.7 
-2 {0, 1} 1 0Γ = Γ =2.1 
-4 {0, 1,11} 1 0Γ = Γ =1.3, 11Γ =0.3 
-5 {0, 1,11} 1 0Γ = Γ =0.1, 11Γ =1.0 
-7 {0, 1,11} 1 0Γ = Γ =-1.8, 11Γ =2.2 




























Fig. 1. Performance in the presence of interference  
from a single adjacent sector. 



























Fig. 2. Performance in the presence of interference 
from two adjacent sectors. 































Fig. 3. Performance of users near the sector boundary. 
single-sector beamforming with MRC, the inter-sector 
beamforiming with MMSE receiver, the softer handover 
with MMSE receiver, the macro diversity handover with 
MMSE receiver, FSS with muting and MMSE receiver, 
and null beamforming with MMSE receiver [16], 
respectively. 
Fig. 1 depicts the analytic and simulation results 
according to 0Γ , assuming a single interference from 
adjacent sector 1 with the same RSS as the serving sector 
(i.e., { }0,1Ω =  and 1 0Γ = Γ ). In this case, the inter-
sector beamforming can avoid the interference from the 
adjacent sector while increasing the transmit array gain and 
doubling the transmit power gain. It can be seen that the 
MMSE receiver increases the average output SINR in 
proportion to 0Γ , while the MRC does not mainly due to 
dominant interference. It can also be seen that the analytic 
results agree well with the simulation results. As ρ  
increases, the performance improves due to the increase of 
the RSS of the second receiver antenna. 
Fig. 2 depicts the analytic and the simulation results 
according to 0Γ  in the presence of two interferences; one 
from adjacent sector 1 and the other from sector 2 (i.e., 
{ }0,1,2Ω = , and 1 0Γ = Γ  and 2 0 2dBΓ = Γ + ). It can be 
seen that the MMSE receiver with the single-sector 
beamforming suffers from performance degradation due to 
unremoved interference, while the MMSE receiver with 
the inter-sector beamforming works well by properly 
removing the dominant interference. It can be seen that the 
average output SINR of the inter-sector beamforming 
increases in proportion to 0Γ  and the gap between the 
single-sector and the inter-sector beamforming increases as 
the SNR increases. 
Fig. 3 depict the performance in 19-cell environments 
(with 3S = ), where the cell radius is 1km, the path loss 
follows 28.6+35*log10( d ), d  is the distance (in meters) 
between the sector and the user, and the sector antenna 
pattern follows 70° (-3dB beamwidth) with a front-to-back 
ratio of 20dB [6]. It is assumed that sectors having an RSS 
larger than one half that of the serving sector belong to the 
active set (i.e., δ =-3dB), and that the target user is 
located near the boundary between sector 0 and 1 and 
experiences interference form sector 11 at the same time. 
Table 1 summarizes the active set and the corresponding 
SNR. It can be seen from Fig. 3 that the inter-sector 
beamforming outperforms the conventional schemes such 
as the FSS with muting and the macro diversity handover 




We have considered the use of inter-sector beamforming 
for the service of users near the sector boundary in TDD 
based cellular systems. The performance of the proposed 
inter-sector beamforming scheme combined with MMSE 
receiver has been analyzed in terms of the average output 
SINR. The simulation results show that the inter-sector 
beamforming is very effective for users near the sector 
boundary, outperforming conventional schemes such as the 
null beamforming, softer handover, macro diversity 
handover and FSS with muting. 
 
References 
[1] Y. Xiang, J. Luo, and C. Hartmann, “Inter-cell 
interference mitigation through flexible resource reuse 
in OFDMA based communication networks,” in Proc. 
European Wireless Conf., April 2007. 
[2] WiMAX Forum, “A comparative analysis of Mobile 
WiMAX deployment alternatives in the access 
network”, May. 2007. 
[3] F. Wang, A. Ghosh, C. Sankaran and S. Benes, 
“WiMAX system performance with multiple transmit 
and multiple receive antennas,” in Proc. IEEE Veh. 
Technol. Conf., pp. 2807-2811, Apr. 2007. 
[4] F. W. Vook, T. A. Thomas, and X. Zhuang, “Transmit 
diversity and transmit adaptive arrays for broadband 
mobile OFDM systems,” in Proc. WCNC 2003, vol. 1, 
pp. 44-49, Mar. 2003. 
[5] IEEE Std 802.16e, “Part 16: Air Interface for Fixed 
and Mobile Broadband Wireless Access Systems,” 
Dec. 2005. 
[6] 3GPP TR 25.996, “3GPP technical specification group 
radio access network; Spatial channel model for 
MIMO simulations,” V6.1.0, Sept. 2003. 
[7] 3GPP TR 25.814, “3GPP technical specification group 
radio access network; Physical layer aspects for 
evolved UTRA,” V7.1.0, Sept. 2006. 
[8] J. H. Winters, “Optimum combining in digital mobile 
radio with cochannel interference,” IEEE J. Select. 
Areas. Commun., vol. 33, pp. 523-539, Aug. 1984. 
[9] D. Tse and P. Viswanath, Fundamentals of Wireless 
Communication, Cambridge University Press, 2005. 
[10] S. Shamai, B.M. Zaidel, “Enhancing the cellular 
downlink capacity via co-processing at the 
transmitting end,” in Proc. IEEE Veh. Technol. Conf., 
vol. 3, pp. 1745-1749, May 2001. 
[11] G. Strang, Linear Algebra and Its Applications, 
Harcourt Brace Jovanovich College Publishers, 1988. 
[12] P. Amers, E. Bonek, A. Burr, N. Czink, et al., “Survey 
of channel and radio propagation models for wireless 
MIMO systems,” EURASIP Jour. On Wireless 
Commun, vol. 2007, article ID 19070, 19 pages, 2007. 
[13] A. Paulraj, R. Nabar and D. Gore, Introduction to 
Space-Time Wireless Communications, Cambridge 
Universe Press, 2003. 
[14] T. D. Pham and K. G. Balmain, “Multipath 
performance of adaptive antennas with multiple 
interferers and correlated fadings,” IEEE Trans. Veh. 
Technol., vol. 48, pp. 342-352, Mar. 1999. 
[15] M. Chiani, M. Z. Win, A. Zanella, R. K. Mallik and J. 
H. Winters, “Bounds and approximations for optimum 
combining of signals in the presence of multiple 
cochannel interferers and thermal noise,” IEEE Trans. 
Commun., vol. 51, no. 2, pp 296-307, Feb. 2003. 
[16] L. Shao, S. Roy, “Downlink multicell MIMO-OFDM: 
an architecture for next generation wireless networks,” 
in Proc. IEEE WCNC., vol. 2, pp. 1120-1125, Mar. 
2005. 
